Abstract. The paper compares three methods of calculating the bending angles of radio waves propagated from space to a ground-based receiver: (1) from reftactivity climatology corrected for reftactivity at the receiving antenna, (2) from radiosonde reftactivity profiles, and (3) where GPS satellites were observed to below 0.5 ø elevation from Point Loma, California, and which coincided closely in time with radiosonde launches from the nearby Miramar station. In all cases the bending angles calculated from Doppler and from radiosondes agree fairly well at all elevations, but in a number of cases both differ significantly at low elevations from the bending angles calculated from climatology corrected for the reftactivity at the antenna. Thus GPS has the potential of being used for the correction of radar observations at low elevations instead of (or complementary to) radiosondes. The differences between the bending angles calculated from climatology corrected for the reftactivity at the antenna and those calculated from the Doppler frequency shift indicate anomalies in the refractivity profile in the lower troposphere and can thus be used as an indicator of ducting conditions.
rectly calculated with the use of (1) refractivity profiles derived from climatology, corrected for the reftactivity measured at the receiving antenna, (2) refractivity profiles obtained from radiosondes, and (3) three-dimensional (3-D) reftactivity fields obtained from numerical weather prediction (NWP) models.
Method I can provide accurate results at elevations
•5 ø, where the section of the ray inside the neutral atmosphere (where most of bending is accumulated) is much shorter than the Earth's radius. Under those conditions, sphericity of the atmosphere does not play a significant role, and the bending angle depends mainly on the reftactivity at the receiving antenna, as in the case of a plain atmosphere [Born and Wolf, 1964] . At low elevations, where sphericity is not negligible, the bending angle depends on the whole reftactivity profile, and the use of a radiosonde profile (method 2) provides better results than method 1.
We note that the results of method I at low elevations depend on interpolation of reftactivity between the surface value and climatology at higher altitudes. The optimal interpolation, which takes into account vertical correlation of reftactivity in the lower troposphere for a given observational site, can provide best results in a statistical sense [Gandin, 1965] . However, all of the interpolation techniques may cause large errors under some unusual meteorological conditions. Both methods I and 2 assume the spherical symmetry of refractivity, while method 3 does not. It is di•cult to determine whether method 3 is preferable to method 2 without accurate numerical simulations. Although method 3 has the advantage of accounting for horizontal gradients in reftactivity, method 2, being an in situ observation, may better reproduce the vertical structure in reftactivity which primarily affects the bending of radio waves at low elevations.
Calculation of bending angles from the Doppler frequency shift of the received GPS signals has the advantage of being a remote sensing technique which does not require the launching of radiosondes. Moreover, it can provide data almost continuously in time and at different azimuths, because the 24 GPS satellites rise 48 times and set 48 times per day at any location worldwide.
In this paper we consider the calculation of bending angles from the reftactivity profile and from Doppler frequency shift of a received radio signal when the position and velocity of the transmitter are precisely known (GPS). Using radiosonde observations and GPS measurements that are collocated in space and in time and comparing the results, we find that in all cases the bending angles calculated from the radiosonde reftactivity profile and from the GPS Doppler frequency shift are in good agreement. On the other hand, in a number of cases the bending angles calculated using the reftactivity derived from climatology, corrected for the reftactivity at the receiving antenna, differ significantly from both bending angles calculated from radiosondes and from Doppler at elevations .•<5 ø. This indicates that GPS may be used for estimation of the bending angles of radio waves at low elevations instead of (or complementary to) radiosondes. The estimated bending angles can be used directly for the correction of the elevation angles of objects detected by radars when tracking those objects in space or at high enough altitudes. The difference between the bending angles at low elevations calculated from the Doppler frequency shift and from reftactivity climatology corrected for the refractivity at the antenna can indicate anomalies in the refractivity profile in the lower troposphere; in particular, these differences may indicate the presence of atmospheric ducting conditions.
Calculation of Bending Angles From Reftactivity Profile
Under the assumption of spherical symmetry of the reftactivity the bending angle may be calculated by using Snell's law. The geometry of a ray, with all notations that will be used in this paper, is shown in Figure 1 . Points I and 2 correspond to the receiver and transmitter, respectively. The center of sphericity is assumed to be at the center of local curvature of the Earth's reference ellipsoid at point 1. In the spherically symmetric case a ray is a plane curve, and its bending angle between any two points, e.g., points I and 2, is equal to
where dl -v/dr 2 + r2dO 2 is the differential of length and Rc is the local curvature radius of the ray. With 
We use P, T, and Pw as discrete functions of altitude z either from radiosondes or from climatological models. In this paper we use the version of the COSPAR International Reference Atmosphere which includes humidity, CIRA+Q [Kirchengast et el., 1999] . We assume r -r• + z, where r• is the local curvature radius of the reference ellipsoid at the receiver site. We interpolate the discrete func- According to definition (1) the bending angle a does not depend on r2 when r2 is outside the atmosphere, i.e., n(r2) = 1. In practice, however (e.g., when correcting the elevation angle of an object detected by a radar), it may be necessary to estimate the difference between the elevation angle of a ray arriving at the receiver, fi = •r/2-q•l, and the elevation angle fi0 of the straight line between the receiver and an arbitrary point 2 on the ray where n(r•) = 1, given the bending angle a. The difference Aft -fi-fi0 depends on r2 (it is strictly equal to a only when r2 = oo). Given a, q)l, rl, and r2, the central angle 9 between points I and 2 is equal 
Error Analysis
In this paper, which is primarily a feasibility study, we present a preliminary analysis of the main error sources. A more detailed error analysis, which accounts for the main potential error source, horizontal inhomogeneity of refractivity in the troposphere, is a complicated problem that must be addressed in a separate paper. 
An observational error in the Doppler

Processing of GPS and Radiosonde Observational Data
For this feasibility study we computed GPS bending angles from several test cases in October- Without cycle slips it would be possible to filter the raw phase and then to calculate Doppler by differentiation. With cycle slips it appears more expedient to first directly calculate Doppler through the finite difference of phases (then the cycle slips expose themselves as spikes) and then to subject it to filtering. We use combined filtering which consists of two steps, and we apply it two times. The first step is the cubic spline regression (which is a least squares fit to the raw data by natural cubic spline specified on a sparser grid than the raw data). This spline regression eliminates the main trend in data and interpolates through gaps. The second step is Fourier filtering of the difference between the raw data and the spline regression (this difference is set to zero inside gaps). Figure 4a shows the results of this combined filtering of raw excess phase finite difference, which we will call, for brevity, Doppler in 
